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Among  the  fuel  cell  technologies,  the  polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  are  particularly 
promising  because  they  are  energy-efficient,  clean,  and  fuel-flexible  (i.e.,  can  use  hydrogen  or  methanol). 
The  great  majority  of  PEM  fuel  cells  rely  on  a  polymer  electrolyte  from  the  family  of  perfluorosulfonic  acid 
membranes,  nevertheless  alternative  materials  are  currently  being  developed,  mainly  to  offer  the  alter¬ 
native  workout  techniques  which  are  required  for  the  portable  energy  sources.  Plasma  polymerization 
represents  a  good  solution,  as  it  offers  the  possibility  to  deposit  thin  layer  with  an  accurate  and  homo¬ 
geneous  thickness,  even  on  3D  surfaces.  In  this  paper,  we  present  the  results  for  the  growth  of  proton 
conductive  fluoro  carboxylic  membranes  elaborated  by  plasma  enhanced  chemical  vapour  deposition. 
These  membranes  present  conductivity  values  of  the  same  order  than  the  one  of  Nation®.  The  properties 
of  the  membrane,  such  as  the  chemical  composition,  the  ionic  conductivity,  the  swelling  behaviour  and 
the  permeability  were  correlated  to  the  plasma  process  parameters.  The  membranes  were  integrated  in 
fuel  cells  on  porous  substrates  and  we  present  here  the  results  regarding  the  barrier  effect  and  the  power 
output.  Barrier  effect  similar  to  those  of  40  p>m  Nation®  layers  was  reached  for  10  (Jim  thick  carboxylic 
membranes.  Power  outputs  around  3  mW  cm-2  were  measured.  We  discuss  the  results  regarding  the  gas 
barrier  effect  and  the  power  outputs. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  carbon  dioxide  emission  issues,  the  dependence  on 
fossil  fuels  can  no  longer  be  tolerated  and  the  need  for  commercial 
renewable  energy  solutions  becomes  crucial  [1].  In  order  to  drop 
the  carbon  dioxide  emissions,  it  is  essential  to  decrease  the  energy, 
but  in  parallel,  using  non-carbon  energies  appears  incontrovert¬ 
ible.  Fuel  cells  are  potential  emerging  technologies  for  clean  energy, 
and  particularly  polymer  electrolyte  membrane  fuel  cells  (PEM¬ 
FCs)  appear  as  a  promising  candidate  because  they  are  efficient, 
clean,  fuel-flexible  [2].  Regarding  the  carbon  dioxide  emission,  the 
vehicles  and  stationary  power  market  are  often  pointed  up,  but 
fuel  cells  are  reaching  commercial  viability  sooner  in  other  appli¬ 
cations  such  as  portable  displays  such  as  laptops,  cell  phones, 
games  [3-6]  aiming  at  filling  out  the  ability  of  batteries  to  power 
these  mobile  devices  for  extended  periods  of  time.  Indeed,  the 
scope  regarding  the  cost  of  power  for  portable  electronics  is  more 
flexible  than  for  cars  market.  Flowever,  engineering  the  compact 
fuel  cells  needed  for  these  systems  is  not  easy  and  technological 
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challenges  still  remain.  Technologies  such  as  thin  film  deposi¬ 
tion,  etching  and  lithography  techniques  could  provide  a  solution 
to  that  problem  but  the  classical  fuel  cells  material  have  to  be 
reconsidered.  Regarding  the  catalytic  electrodes,  solutions  such  as 
platinum  sputtering  present  quite  positive  result  [7,8].  Regarding 
the  ionic  membrane,  ion  conductive  PECVD  thin  films  have  been 
widely  studied  [9-26].  They  present  adequate  characteristics  to 
have  low  ionic  specific  resistance  and  simultaneously,  to  act  as  bar¬ 
rier  against  the  gas  diffusion.  Since  elevated  cross-linking  density 
can  be  obtained  with  PECVD  techniques,  very  low  gas  permeability 
can  be  reached.  Moreover,  since  low  thickness  membranes  can  be 
grown,  low  specific  resistance  can  be  reached,  even  with  quite  low 
ionic  conductivity.  Until  now,  the  great  majority  of  proton  exchange 
membranes  work  thanks  to  hydrated  perfluorosulfonic  acid  (PSA) 
membranes  [27].  PSA  is  a  copolymer  of  tetrafluoroethylene  (TFE) 
and  various  perfluorosulfonate  monomers.  Nation®,  which  is  man¬ 
ufactured  by  Dupont,  is  perhaps  the  most  widely  known  PSA. 
These  membranes  present  an  excellent  chemical  and  mechani¬ 
cal  stability,  as  well  as  elevated  proton  conductivity  [28]  (around 
130mScm_1).  They  are  constituted  of  a  polytetrafluoroethylene 
hydrophobic  (PTFE)  backbone  with  perfluorinated  vinyl-polyether 
side  chains  containing  hydrophilic  sulfonic  acid  end  groups.  The 
presence  of  both  hydrophilic  and  hydrophobic  functionalities  on  a 
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same  polymeric  chain  leads  to  an  organisation  into  nano-domains 
[29]  and  these  last  are  responsible  for  the  great  proton  conductiv¬ 
ity  of  the  hydrated  Nation®.  Indeed,  the  water  absorption  induces 
a  modification  of  the  micro-structure.  When  the  water  content  is 
increased,  the  structure  moves  from  spherical  isolated  ionic  clus¬ 
ters  to  spherical  ionic  domains  connected  with  cylinders  of  water. 
When  exposed  to  water,  the  SO3H  groups  are  hydrolyzed  into 
S03-H+,  allowing  for  an  effective  proton  transport  across  the  mem¬ 
brane.  The  migration  of  hydrated  protons  [H+H2On  species]  is  thus 
supported  [30]  and  the  proton  conductivity  is  increased.  To  create 
similar  membranes  with  plasma  enhanced  chemical  vapour  depo¬ 
sition  (PECVD),  the  majority  of  researchers  tried  to  reproduce  this 
combination  of  hydrophilic/hydrophobic  nano-domain.  The  goal  of 
such  an  approach  is  to  decrease  the  proton  resistance  whether  by 
increasing  the  proton  conductivity  or  by  decreasing  the  membrane 
thickness.  Commonly,  the  membranes  result  from  the  reaction  of 
an  acidic  fluorinated  precursor,  with  a  carbonated  or  fluorocarbon- 
ated  monomer.  Nevertheless,  since  the  acidic  group  is  weak,  to 
prevent  from  their  destruction,  low  plasma  powers  leading  to  low 
growth  rates  are  required.  Mex  et  al.  [21-23]  proposed  a  fluoro¬ 
carbon  membrane  with  phosphonic  acid  groups,  from  the  plasma 
polymerization  of  vinyl  phosphonic  acid  and  tetrafluoroethylene 
and  measured  surprising  conductivities  as  high  as  1500mScm-1 
(at  80  °C).  Brault  [26]  and  Roualdes  et  al.  [24,25]  developed  fluoro¬ 
carbon  membranes  with  sulfonic  acid  groups,  with  conductivities 
varying  from  1 0-5  mS  cm-1  to  1 0_1  mS  cm-1 . 

This  article  deals  with  the  synthesis  of  ion  conductive  mem¬ 
branes  by  plasma  enhanced  chemical  vapour  deposition.  The 
approach  presented  in  this  article  breaks  with  the  conventional 
approach.  Instead  of  preserving  the  acidic  groups  with  low  plasma 
power,  the  acidic  functions  are  directly  created  in  the  plasma.  We 
present  here  the  process  for  the  growth  of  ionic  conductive  car¬ 
boxylic  films,  the  relation  between  the  process  parameters  and  the 
properties  of  the  films.  The  as-grown  membranes  were  integrated 
in  fuel  cells  and  their  performances  were  measured  via  OCV  (Open 
Circuit  Voltage)  measurements  and  polarization  curves.  The  results 
are  shown  to  be  strongly  correlated  with  the  deposition  process 
parameters,  and  the  film  thickness.  Barrier  effect  similar  to  that 
of  40  |xm  Nafion®  layers  was  reached  for  10  |xm  thick  carboxylic 
membranes  and  maximal  power  outputs  around  3  mW  cm-2  were 
measured. 


2.  Experimental 

2.1.  Deposition  of  the  membranes 

The  plasma  polymerization  was  carried  out  using  a  capacitive- 
coupled  reactor  with  a  r.f.  power  supply  of  13.56  MHz  (see  Fig.  1). 


He  +  H20 


Fig.  1.  Scheme  of  the  PECVD  reactor  used  for  the  CFO  growth.  The  H20  flow  is 
controlled  via  the  helium  flow. 


The  radio  frequency  (r.f.)  power  is  delivered  by  a  Dressier  Cesar 
1310  generator  to  the  showerhead-type  upper  electrode.  An  oil 
jacket  is  used  to  maintain  the  reactor  walls  at  328  K.  Vacuum  is 
made  by  a  dry  two-stage  Alcatel  ADS601  pumping  system.  Pressure 
is  measured  via  MKS  Baratron®  gauges  and  controlled  by  a  VAT 
throttle  valve  system.  A  base  pressure  of  10-3  mbar  was  reached 
before  each  deposition.  The  water  was  vapourized  at  50  °C  and 
vapours  were  carried  by  inert  helium  from  a  thermostatic  bub¬ 
bler  to  the  chamber.  The  ionic  membranes  were  grown  from  the 
plasma  polymerization  of  water  vapour  with  C4F8.  For  this  study, 
the  plasma  power  was  varied  between  50  W  and  500  W.  The  water 
flow  was  controlled  by  changing  the  helium  flow  from  0  seem  to 
180  seem. 

2.2.  Characterization  methods 

The  plasma  was  characterized  by  Optical  Emission  Spectroscopy 
(OES).  Measurements  were  performed  via  a  quartz  optical  fibre. 
The  spectral  line  intensities  were  recorded  by  means  of  an  Avantes 
monochromator  (3600  grooves  mm-1 ). 

The  chemical  composition  was  determined  from  Fourier 
Transform  InfraRed  (FT-IR)  spectra  and  X-ray  Photoelectron  Spec¬ 
troscopy  (XPS)  analysis.  FT-IR  spectra  were  obtained  by  using 
a  Thermo  electron-Nicolet  type  Nexus  870  in  the  range  of 
4000-400  cm-1 .  The  XPS  analyses  were  made  with  an  Axis  NOVA 
(Kratos)  model,  using  a  monochromatic  AlKa  source.  Before  each 
XPS  measurement,  the  sample  surface  was  etched  with  Ar+  ions 
sputtering. 

The  thickness  of  the  films  and  the  refractive  index  were  mea¬ 
sured  by  spectroscopic  ellipsometry  in  the  range  of  240-840  nm 
with  a  SOPRA  GES5  ellipsometer.  A  Cauchy  dispersion  is  used  to 
describe  the  refractive  index  profiles  of  the  films. 

The  fuel  cells  were  observed  via  Field  Emission  Scanning  Elec¬ 
tron  Microscopy  (FE-SEM)  images,  with  a  Hitachi  S4100  model. 

The  ionic  conductivity  of  the  membranes  was  measured  in  the 
film  plane  by  impedance  spectroscopy  with  a  Solartron  apparatus 
in  the  range  of  1  MHz  to  0.1  Hz.  The  films  were  deposited  on  glass 
substrates  with  platinum  blocking  electrodes.  As  the  conductivity 
strongly  depends  on  the  humidity  rate,  measurements  were  made 
in  a  home-made  climatic  chamber  under  a  saturated  humidity  rate 
to  prevent  from  weather  forecast  effects.  Before  each  conductivity 
measurement,  we  waited  the  stability  of  the  resistance  from  0.5  h 
to  3  h,  depending  on  the  film.  To  validate  the  in-plane  value,  we 
measured  the  same  conductivity  for  a  standard  Nafion®  membrane. 
For  a  30  [xm  thick  Nafion®  layer,  in-plane  conductivity  between 
120mScm_1  and  150mScm_1  was  found. 

The  polarization  curves  were  measured  with  a  VMP3  (biologic 
and  Co.)  in  galvano  cyclic  mode.  Before  each  measurement,  the 
OCVs  were  stabilized  for  10  min.  The  tests  were  performed  at  room 
temperature,  in  ambient  conditions. 

2.3.  Realization  of  the  fuel  cells 

The  0.8  cm2  fuel  cells  were  directly  manufactured  on  a  ceramic 
porous  substrate  with  thin  film  deposition  techniques  (see  Fig.  2b). 
The  various  layers  composing  these  micro  fuel  cells  are  presented 
schematically  in  Fig.  2a.  The  gold  collectors  were  deposited  via 
sputtering  techniques  and  the  catalytic  layers  were  deposited  via 
spraying  a  C/Pt  ink  [31  ].  The  substrates  used  were  porous  ceramic 
substrates.  Fig.  3  presents  the  hydrogen  flow  as  a  function  of  the 
hydrogen  pressure,  for  substrates  with  pores  sizes  varying  between 
2  |xm  and  20  [xm.  Since  ceramic  substrates  with  smaller  pores 
are  not  commercially  available,  substrates  with  2  |xm  pores  were 
chosen.  Indeed,  with  peak  to  valley  roughness  around  4[xm  (see 
Table  1 ),  these  substrates  are  the  smoothest.  In  addition,  for  hydro¬ 
gen  pressures  of  400  Pa  over  the  atmospheric  pressure,  they  allow 
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Fig.  2.  (a)  Scheme  of  the  fuel  cell  stack,  (b)  Testing  device  with  eight  fuel  cells  -  each  fuel  cell  has  a  surface  of  0.8  cm2,  (c)  Polarization  curve  and  corresponding  power  output 
for  a  fuel  cell  with  a  30  pm  thick  Nation®  membrane,  tested  at  a  H2  pressure  of  1000  Pa  over  the  atmospheric  pressure. 


Fig.  3.  Hydrogen  flow  as  a  function  of  the  hydrogen  pressure  (above  the  atmospheric 
pressure),  for  ceramic  substrates  with  pores  sizes  varying  between  2  |jim  and  20  pm. 

a  hydrogen  flow  of  2.8  cm3  (min-1  cm-2)  which  is  “sufficient”  to 
drive  370  mA cm-2. 

In  order  to  have  a  reference,  we  deposited  a  fuel  cell  using  a 
Nation®  membrane  as  electrolyte.  Such  a  stack  gave  reproducible 
OCV  as  high  as  950  ±50  mV  and  polarization  curves  leading  to 
220mWcm-2  (see  Fig.  2c). 

3.  Results  and  discussion 

3.1.  Plasma  process  and  correlation  with  the  membrane 
properties 

The  growth  rate  was  found  to  depend  on  the  plasma  power,  as 
shown  in  Fig.  4a.  Below  400  W,  the  growth  rate  varies  linearly  with 
the  r.f.  power.  The  rise  in  the  deposition  rate  with  the  r.f.  power 
can  be  explained  by  the  increase  of  the  plasma  density.  For  the 


Table  1 

Peak  to  valley  roughness  for  various  ceramic  substrates. 


Average  pore  size  (pm) 

PV  roughness  (pm) 

2 

3.8 

5 

7 

20 

25 

r.f.  powers  superior  to  400  W,  the  growth  rate  reaches  a  threshold, 
meaning  that  it  is  limited  by  the  precursor  amount.  The  growth 
rate  was  also  found  dependent  from  the  water  flow  (see  Fig.  4a) 
as  the  rise  of  the  water  flow  leads  to  a  decreased  growth  rate.  We 
assume  that  the  radicals  resulting  from  the  water  decomposition 
participate  in  an  etching  mechanism.  Fig.  4b  shows  the  variation 

(a)  Helium  flow  (seem) 

0  20  40  60  80  100  120 

200  n - t - , - t - , - t - , - T - , - t - , - T - 1 
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0  100  200  300  400  500  600 

r.f.  power  (watts) 


(b)  Helium  flow  (seem) 
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r.f.  power  (watts) 

Fig.  4.  (a)  Growth  rate  of  the  carboxylic  membrane  as  a  function  of  the  plasma 
power  and  the  helium  flow,  (b)  Refractive  index  of  the  carboxylic  membranes  as  a 
function  of  the  plasma  power  and  the  helium  flow.  For  the  impact  of  the  r.f.  power, 
the  helium  flow  was  fixed  at  25  seem  and  for  the  impact  of  the  helium  flow,  the  r.f. 
power  was  fixed  at  300  W. 
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Fig.  5.  XPS  spectra  of  a  carboxylic  membrane  with  a  conductivity  of  80  mS  cm-1 .  (a) 
The  survey  spectra,  (b)  The  Cls  environment. 


of  the  refractive  index  of  the  as-grown  layer  as  a  function  of  the 
r.f.  power  and  the  bubbling  helium  flow.  As  the  plasma  power  was 
increased,  the  refractive  index  of  the  films  was  also  raised,  mean¬ 
ing  that  the  high  r.f.  power  films  are  denser.  Also,  the  as-grown 
thin  films  may  have  a  high  cross-linking  density  with  increasing 
r.f.  power  [32,33].  Regarding  the  influence  of  the  bubbling  helium 
flow,  the  refractive  index  is  slightly  decreased  but  on  the  whole, 
the  films  density  seems  mainly  controlled  by  the  r.f.  power. 

The  chemical  composition  of  the  films  was  analysed  via  FT- 
IR  and  XPS  analyses.  The  analysis  of  the  Cls,  FIs  and  Ols  peaks 
reveals  the  presence  of  C-C,  C=C,  C-H,  CH2-CFX,  C-O,  CF-CF2,  C=0, 
CF-CF3, 0-C=0,  CF2,  CF2-CF2,  CF3,  CF,  CF2  and  CF3  bonds  (see  Fig.  5). 
Fig.  6  presents  typical  FT-IR  spectra  for  CFO  conductive  films.  The 
main  groups  are  Cx-Fy,  C=0  and  O-H.  Considering  both  analyses, 
we  assume  that  the  CFO  films  are  formed  by  a  CxFy  matrix  with 
carboxylic,  ketone  and  aldehyde  functionalities. 

OES  has  established  that  adding  water  to  the  C4F8  plasma  leads 
mainly  to  OFI  and  CO  emissions.  Fig.  7  compares  the  optical  emis¬ 
sion  spectra  for  a  C4F8  and  a  C4F8/FI20  r.f.  discharge  (P=  1  mbar  and 
Pe  =  200W).  For  the  C4F8  discharge,  the  CFX  band  emission  [34]  is 
observed  in  a  wavelength  range  from  300  nm  to  400  nm.  The  band  at 
wavelengths  above  500  nm  is  the  second  order  spectrum  of  the  CFX 
band  emission.  The  emission  of  fluorine  F  and  carbon  C2  molecules 
are  very  weak  compared  with  the  CFX  band.  Adding  water  to  the 
C4F8  monomer  leads  to  a  clear  OFI  emission  around  308  nm  indi¬ 
cating  that  H20  is  dissociated  by  means  of  FI20  ->  OFI  +  H.  Since  no 
oxygen  atoms  could  be  detected,  we  assume  that  they  recombine 
immediately  or  are  ionized  into  02+  ions.  According  to  these  obser¬ 


vations,  we  assume  that  the  formation  of  the  carboxylic  groups 
results  mainly  from  the  oxidation  of  the  C4F8  co-monomer  by  OH, 
resulting  in  fluoride  ketone  or  aldehyde  and  fluoride  carboxylic 
acids  formation. 

[C*Fy]n  +  OH  ->■  [CxFy_iOH]  +  F  'I 

[QFy-iOH]  +  OH  -►  CxFy_20  +  F  +  H20  >  carboxylic  groups  formation 

Cx Fy — 2  O  +  OH  Cx-iFy_3COOH  +  F  J 
Cx_iFy_3COOH  +  OH  Cx — i  Fy — 3  +  C02  +  H20 

We  studied  the  influence  of  the  growth  parameters  on  the  chem¬ 
ical  composition  and  the  ionic  conductivity  of  the  membranes. 
Fig.  6  presents  the  FT-IR  spectra  as  a  function  of  the  plasma  powers 
and  the  bubbling  helium  flows.  Low  plasma  power  and  high  water 
flows  favour  elevated  C=0/CF  ratio,  which  characterizes  the  den¬ 
sity  of  carboxylic  functions  with  respect  to  the  fluorocarbonated 
chains.  At  the  same  time  enhanced  conductivities  were  measured 
for  the  elevated  C=0/CF  ratio  (see  Fig.  6a).  We  think  that  for  the 
highest  plasma  power,  the  oxidation  of  the  C4F8  molecules  into 
C02  is  favoured  and  leads  to  low  carboxylic  groups  density.  In  the 
end,  conductivities  of  the  same  order  than  the  one  of  the  Nation® 
membranes  were  reached  for  plasma  power  Pe  <  200  W.  The  acidic 
dissociation  for  the  carboxylic  groups  is  much  lower  than  for  the 
sulfonic  acids  and  consequently,  these  elevated  conductivities  were 
not  expected.  We  assume  that  it  can  be  correlated  to  a  huge  den¬ 
sity  of  COOH  groups.  This  was  evaluated  through  the  measurement 
of  the  Ion  Exchange  Capacity  (IEC)  of  the  membrane.  The  IEC  was 
determined  by  an  exchange  of  acidic  protons  with  another  cation 
in  solution  [35].  For  CFO  membranes  with  conductivities  ranging 
from  70  mS  cm-1  to  1 00  mS  cm-1 ,  IEC  between  2.2  mequiv.  g-1  and 
3  mequiv.  g-1  were  measured.  In  comparison,  Nation®  2021  mem¬ 
branes  present  an  IEC  of  0.9  mequiv.  g-1 . 

The  swelling  behaviour  directly  reflects  the  ability  to  absorb 
water  and  is  thus  closely  linked  to  the  ionic  conductivity.  The 
swelling  behaviour  of  a  70mScm_1  conductive  membrane  was 
evaluated  with  the  method  of  dynamic  vapour  sorption  (DVS)  [36]. 
Fig.  8  compares  the  water  uptake  of  a  carboxylic  membrane  and  a 
standard  Nation®  212  membrane.  With  a  mass  uptake  around  18%, 
the  CFO  membrane  is  quite  similar  to  a  Nation®  membrane. 

3.2.  Integration  of  the  membrane  in  fuel  cell  stacks 

The  carboxylic  membranes  were  integrated  in  fuel  cells  varying 
parameters  such  as  the  r.f.  power  (from  50  W  to  500  W),  the  water 
flow  (through  the  bubbling  helium  flow  which  varied  from  0  seem 
to  100  seem)  and  the  membrane  thickness  (from  1  p,m  to  30  p,m). 

Fig.  9  shows  the  evolution  of  the  OCV  as  a  function  of  the  r.f. 
power  for  10  p,m  thick  membranes.  The  “low  plasma  power”  films 
(Pe<100W)  present  a  huge  gas  crossover  that  lead  to  short  cir¬ 
cuit  of  the  fuel  cells  (OCV  =  0  mV).  These  important  leaks  can  be 
related  to  the  low  cross-linking  degree  of  these  films.  Indeed,  for 
the  PECVD  films,  the  degree  of  cross-linking  reduces  when  the  r.f. 
power  decreases  [32,33].  This  weak  reticulation  leads  to  a  lack 
of  cohesion  and  thus  a  membrane  with  numerous  nanometrics 
defects.  For  enhanced  plasma  powers  (Pe>100W),  as  the  cross- 
linked  functionalities  density  is  increased,  positive  OCV  could  be 
measured.  The  largest  OCV  of  600  mV  is  measured  for  plasma  pow¬ 
ers  at  around  300  W,  and  a  further  increase  of  the  r.f.  power  did 
not  allow  rising  the  OCV  (Fig.  9).  Consequently,  even  for  strongly 
reticulated  membranes,  the  gas  diffusion  is  not  as  low  as  the  one 
measured  for  30  p,m  thick  Nation®  membranes.  We  assume  that 
for  r.f.  powers  below  300  W,  increasing  the  power  enhances  the 
intrinsic  permeability.  Beyond  300  W,  the  permeation  through  the 
membrane  can  no  longer  be  correlated  to  the  material’s  intrinsic 
permeability  but  rather  to  micro-structural  defects. 

For  a  300  W  film,  we  also  studied  the  influence  of  the  mem¬ 
brane  thickness  on  the  gas  barrier  behaviour.  Fig.  9  shows  that 
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Fig.  6.  (a)  Impact  of  the  plasma  power  on  the  FT-IR  spectra:  the  plasma  power  varies  between  100  W  and  400  W,  the  helium  flow  is  fixed  at  100  seem,  (b)  Impact  of  the  water 
flow  on  the  FT-IR  spectra,  the  helium  flow  varies  between  0  seem  and  100  seem,  the  plasma  power  is  fixed  at  200  W.  (c)  Variation  of  the  ionic  conductivity  as  a  function  of 
the  C=0/CF  ratio.  The  C=0/CF  ratio  is  defined  as  the  intensity  ratio  between  the  respective  FT-IR  peaks. 


for  thicknesses  inferior  to  10  jxm,  the  OCV  depends  on  the  mem¬ 
brane  thickness.  However,  from  thicknesses  of  10|jim,  the  OCV 
reaches  the  limit  of  600  mV.  We  assume  therefore  that  10  pm  is 
the  critical  thickness  to  cover  the  defects  generated  by  the  substrate 
roughness  [37].  For  thicknesses  superior  to  1 0  pm,  micro-structural 
defects  cannot  be  avoided  even  by  increasing  the  membrane  thick¬ 
ness.  These  defects  are  responsible  for  the  hydrogen  diffusion 
through  the  membrane.  They  may  result  from  stresses  in  the  film 
or  be  generated  during  the  film  growth  by  defects  at  the  substrate 
surface.  Consequently,  neither  the  film  reticulation  nor  the  film 


wavelength  (nm) 

Fig.  7.  OES  spectra  of  the  C4F8  r.f.  discharge  (below)  and  the  C4F8  +  H20  discharge. 


thickness  could  allow  sufficient  gas  barrier  effect,  on  our  porous 
substrates. 

To  by-pass  these  problems  of  crossing  defects,  multilayer  coat¬ 
ings  were  grown.  The  layer  superposition  can  in  fact  afford  to 
manage  the  intrinsic  defects  by  bringing  more  complex  diffusion 
pathways  due  to  an  atomic  rearrangement  at  the  multilayer  inter¬ 
faces  [38-40].  The  procedure  to  obtain  multilayer  consisted  in 
stopping  the  growth  and  resetting  the  atmospheric  pressure  in 
the  chamber  before  the  growth  of  the  N  + 1  layer.  The  ionic  con¬ 
ductivity  perpendicular  to  the  film  plane  was  not  affected  by  the 
interfaces.  Fig.  10  presents  the  effect  of  the  number  of  layers  on 


Fig.  8.  Mass  uptake  of  the  ion  conductive  membrane  as  a  function  of  the  humidity 
rate  for  a  CFO  film  compared  to  a  standard  Nation®  film. 
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Fig.  9.  (a)  Influence  of  the  plasma  power  on  the  OCV  and  on  the  ionic  conductivity, 
(b)  Evolution  of  the  OCV  as  a  function  of  the  membrane  thickness. 


the  OCV  and  shows  that  four  layers  are  sufficient  to  reach  OCV 
of  900  mV,  meaning  that  micrometries  defects  no  longer  cross  the 
membrane.  Thereby,  multilayers  afford  to  reach  permeation  level 
as  low  as  those  of  a  30  |xm  Nation®  membrane  with  a  decreased 
thickness  of  10  |xm.  Since  very  thin  and  highly  cross-linked  mem¬ 
branes  can  be  grown  thanks  to  PECVD  techniques,  previous  works 
pointed  out  that  the  PECVD  membranes  could  provide  a  solution  for 
decreased  specific  resistances  and  enhanced  barrier  effect  [12,41]. 
Our  work  underlines  parameters  that  have  to  be  considered  to 
achieve  performing  fuel  cells.  First  of  all,  it  has  to  be  kept  in  mind 


Number  of  layers 

Fig.  10.  Impact  of  the  interfaces’  number  on  OCV  for  10  p,m  thick  membranes. 


that  the  membrane’s  thickness  is  dependant  from  the  substrate 
roughness.  Theoretically,  one  can  imagine  flat  porous  substrates, 
but  these  are  not  common  and  the  porous  substrate  commercially 
available  (yarn,  porous  ceramic,  porous  graphite  substrates)  are 
quite  rough.  We  showed  that  for  substrates  with  PV  roughness  of 
4  |jim,  the  membrane  thickness  is  at  least  of  10  |xm.  If  we  consider 
the  actual  Nation®  coatings,  thicknesses  of  30  |xm  can  easily  be 
reached.  Consequently,  even  though  the  vacuum  techniques  allow 
the  deposition  of  thin  membranes  with  a  decreased  permeability, 
there  is  a  lack  of  smooth  and  stiff  porous  substrates  that  could  allow 
the  growth  of  thin  permeable  ionic  membranes. 

In  order  to  estimate  the  behaviour  of  the  membrane  more  prac¬ 
tically,  multilayers  coatings  were  integrated  in  fuel  cells.  Fig.  11 
presents  the  polarization  curve  for  a  300  W  multilayered  mem¬ 
brane,  with  a  total  thickness  of  10  [xm  and  an  ionic  conductivity 
of  10-30mScm-1.  The  power  output  was  measured  via  polariza¬ 
tion  curves  and  the  best  results  obtained  are  of  about  3  mW  cm-2. 
This  result  is  quite  low  compared  with  the  220  mW  cm-2  measured 
for  a  fuel  cell  with  a  30  |xm  thick  Nation®  layer.  We  assume  that  this 
result  is  correlated  to  the  low  ionic  conductivity  for  the  300  W  films. 
Indeed,  if  the  300  W  films  are  optimal  in  terms  of  cross-linking 
density,  they  present  a  poor  ionic  conductivity.  In  that  case,  even 
if  the  thickness  is  decreased  by  a  factor  of  three,  the  carboxylic 
films  still  present  specific  ionic  resistances  around  10-5£2cm2 
whereas  the  Nation®  membranes  show  ionic  resistances  around 
2x1 0-6  £2  cm2.  In  order  to  increase  the  conductivity  while  preserv¬ 
ing  elevated  plasma  powers,  we  may  increase  the  water  flow  (see 
Fig.  6).  Ten  microns  cross-linked  multilayered  membranes  were 


Fig.  11.  (a)  Polarization  curve  for  a  multilayer  coating  with  a  thickness  around  10  |xm,  with  a  layers’  number  of  12  and  a  conductivity  around  20mScm_1.  (b)  SEM  cross 
section  of  the  corresponding  fuel  cell. 
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Fig.  12.  SEM  picture  of  the  fuel  cell  post  moistening:  (a)  surface  view  and  (b)  cross  section  view. 


thus  grown,  with  a  measured  conductivity  around  70  mS  cm-1  (and 
thus  a  specific  ionic  resistance  of  2  x  10-6  £2  cm2).  Nevertheless, 
no  OCV  could  be  detected  for  such  a  stack,  and  evidence  of  a  very 
huge  crossover  was  pointed  out.  The  SEM  analyses  revealed  the 
presence  of  numerous  cracks,  crossing  the  entire  membrane  thick¬ 
ness  (see  Fig.  12).  The  membranes  were  observed  before  and  after 
water  immersion.  Before  immersion,  no  cracks  were  detected.  After 
immersion,  numerous  cracks  were  noticed,  showing  that  the  cracks 
appear  during  the  membrane  swelling. 

This  observation  raises  another  issue,  relative  to  the  mechanical 
behaviour  of  the  PECVD  membranes.  Indeed,  the  ionic  membranes 
swell  and  the  swelling  is  proportional  to  the  ionic  conductivity. 
Consequently,  the  proton  conductive  material  must  be  resilient  to 
bear  the  expected  deformation.  Satterfield  et  al.  [42]  studied  the 
mechanical  properties  of  Nation®  membranes  and  found  an  elastic 
modulus  around  300  MPa  at  room  temperature.  The  plastic  mod¬ 
ulus  of  Nation®  is  almost  independent  of  the  temperature  below 
Tg  (Tg  ^  1 1 0  °C)  with  a  value  of  8-1 0  MPa.  With  a  Young  modulus 
inferior  to  5  GPa,  Nation®  is  thus  a  compliant  material.  Regarding 
the  carboxylic  membranes,  we  showed  that  an  important  cross- 
linking  is  required  for  an  effective  barrier  effect.  Nevertheless,  in 
such  conditions,  the  membranes  are  rigid  and  cannot  deform  with¬ 
out  cracking.  One  can  reasonably  wonder  about  the  ability  of  PECVD 
films  to  be  flexible  enough  to  sustain  the  water  swelling.  Generally 
speaking,  the  PECVD  thin  films  are  not  known  for  their  resilience. 
For  example,  the  fluorocarbon  PECVD  films,  called  “Teflon  like” 
coatings  show  much  higher  hardness  (of  the  order  of  GPa)  than  the 
corresponding  Teflon  coatings  (young  modulus  around  500  MPa), 
even  if  the  wetting  properties  are  similar  [43].  Indeed,  the  mechan¬ 
ical  properties  are  closely  related  to  the  molecules  chain  length  and 
to  their  ability  to  move.  Since  plasma  processes  are  very  destructive 
with  regard  to  the  precursor  monomers,  highly  reticulated  films  are 
deposited.  The  chain  length  is  consequently  limited  and  the  chains 
are  immobilized  due  to  numerous  covalent  bonds.  In  addition,  for 
the  proton  conductive  membranes  in  hand  in  this  article,  the  con¬ 
ductivity  is  related  to  the  density  of -COOH  groups.  Nevertheless  for 
elevated  conductivities,  a  huge  -COOH  density  is  required,  leading 
thus  to  very  short  chains. 

In  order  to  get  resilient  membranes,  we  will  have  to  change  from 
amorphous  cross-linked  networks  to  linear  perfluorinated  chain. 
Large  molecular  chains  will  be  favoured  and  thus  low  density  of 
acidic  groups.  For  this  purpose,  the  sulfonic  groups  seem  more 
adapted  since  huge  conductivities  may  be  reached  with  a  lower 
density  of  acidic  functionalities.  In  addition,  to  favour  the  formation 
of  large  chains,  one  may  prefer  a  soft  plasma  chemistry.  Introduc¬ 
ing  a  pulsed  modulation  to  the  r.f.  discharge  may  allow  a  greater 
variability  in  monomer  fragmentation  and  thus  to  approach  true 
plasma  polymerization.  Finally,  the  precursor  formulation  should 
allow  middle  chain  groups  that  could  provide  flexibility  such  as 
ether  segments. 


4.  Conclusions 

In  short,  we  have  deposited  fluorinated  carboxylic  membranes 
with  ionic  conductivities  as  high  as  the  one  of  perfluorosulfonic 
acid  membranes.  We  showed  that  the  membranes  properties  are 
strongly  coupled  with  the  growth  parameters.  Ionic  conductiv¬ 
ity  superior  to  lOOmS  cm-1  is  measured  for  low  plasma  power 
films.  Nevertheless,  for  those  low  r.f.  powers,  the  film  reticula¬ 
tion  is  weak  and  the  intrinsic  permeation  through  the  membrane 
is  huge.  In  order  to  optimize  the  gas  barrier  effect,  we  found  that 
cross-linked  membranes  are  required.  Considering  our  precursors 
flows,  r.f.  powers  above  200  W  are  required.  We  found  a  com¬ 
promise  between  conductivity  and  reticulation,  and  cross-linked 
films  with  conductivity  around  70mScm-1  were  grown.  Since 
rough  substrates  are  used,  we  found  that  a  critical  thickness  of 
10  |jim  is  required  to  reach  low  permeation  level,  even  with  highly 
reticulated  films.  For  10  p,m  thick  cross-linked  membrane,  the  per¬ 
meation  level  does  not  reach  the  one  of  the  Nation®  coatings.  This 
is  due  to  the  presence  of  crossing  defects  induced  by  the  roughness 
at  the  substrate’s  surface.  In  the  end,  growing  multilayered  mem¬ 
brane  allowed  to  reach  the  low  permeation  level  researched.  With 
multilayer  coatings,  one  can  reach  the  same  permeation  level  as 
the  one  of  a  30  p,m  thick  Nation®  membrane.  OCV  around  900  mV 
was  measured  for  fuel  cell  with  a  10p,m  thick  carboxylic  mem¬ 
brane,  with  a  conductivity  of  ~20  mS  cm-1 .  Two  kinds  of  reticulated 
multilayered  membranes  were  integrated  in  fuel  cells.  The  mem¬ 
brane  with  a  conductivity  of  about  20mScm-1  allowed  OCV  of 
900  mV  and  power  output  around  3  mW cm-2,  whereas  the  mem¬ 
branes  with  increased  conductivities  of  70  mS  cm-1  cracked  while 
water  swelling.  We  assume  that  these  membranes  showed  too  low 
resilience  to  sustain  the  deformation  induced  during  swelling. 
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